The chemical compositions of the essential oils obtained from six tree parts of Chrysophyllum albidum (Sapotaceae) were extracted by hydrodistillation and analyzed by gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS). A total of 65, 33, 45, 21, 25 and 18 compounds, representing 79.49%, 100%, 90.81%, 98.43%, 96.62% and 98.37% of the total oil, were identified in the fruit bark, root bark, stem bark, seed bark, leaf and seed, respectively. The dominant compounds in the essential oils in six tree parts were m-xylene (66.7%; seed), p-xylene (21.4%; seed bark), α-farnesene (38.1%; leaf), hexadecanoic acid (14.7%; stem bark), m-xylene (53.1%; root bark) and hexadecanoic acid (12.7%; fruit bark). The essential oils were evaluated for their antibacterial, antioxidant and insecticidal activities using Alamar blue assay, DPPH radical scavenging activity and contact toxicity test, respectively. The oils displayed moderate antibacterial potentials to some tested organisms and low radical scavenging activity to DPPH. Rhyzopertha dominica was susceptible to C. albidum stem bark essential oil only.
Introduction


Essential oils are volatile, natural complex compounds characterized by a strong odour, and are also promising sources of natural medicinal products because of the bioactive components they possess [1] . Pharmacologically, essential oils have been used as insect repellent, insecticide, antimicrobial, antioxidant, pesticide and deodorants; therefore, the possibility of using essential oils is now being investigated as the basis of the plant-based drugs [2] .
African star apple (Chrysophyllum albidum G. Don) is a tropical edible fruit tree. It belongs to the family of Sapotaceae which has up to 800 species and makes up almost half of the order [3] . It is primarily a forest tree species, and its natural occurrence has been reported in diverse ecozones in Nigeria, Uganda, Niger Republic, Cameroon and Cote d'Ivoire [4] . The plant often grows to a height of 36 m, though it may [7] . The people of Southwestern Nigeria have been using C. albidum leaves for the management of infections and ailments since prehistoric times [9] . In addition, its seeds are a source of oil, which is used for diverse purposes [10] . C. albidum is used in folklore in the treatment of yellow fever, malaria, diarrhea, vaginal and dermatological infections [11] .
The bark is used for the treatment of malaria and yellow fever [11] , while the leaf is used as an emollient and for the treatment of skin eruption, stomachache and diarrhea [12] which are as a result of infections and inflammatory reactions [12, 13] .
The leaf extract of C. albidum can help to thin the blood (antiplatelet effect), as well as regulate the sugar level in blood sugar [14] . C. albidum is established to have haematinic potentials [15] . The fruits also contain 90% anacardic acid, which is used industrially in protecting wood and as source of resin, while several other components of the tree including the roots and leaves are used as a remedy for yellow fever and malaria [9] . The cotyledons from the seeds of C. albidum are used as ointments in the treatment of vaginal and dermatological infections in Western Nigeria. The seeds are also used for local games or discarded [4] .
C. albidum is good for the treatment of fibroids as reported by Egunyomi and Oladunjoye [16] . When freshly harvested, the fleshy and juicy fruits have potentials as an ingredient of soft drinks and can be fermented for wine or other alcohol production [17] .
Earlier report on the essential oil composition of C.
albidum fruit revealed eight compounds accounting for 90.8% of total components with esters (65.1%) constituting the most abundant class of compounds [18] , while the root essential oil had 24 compounds with a phthalate (dibutyl-1,2-benzenedicarboxylate) being the major identified constituent [19] . There is dearth of information about the essential oil composition of the leaf, stem bark, fruit bark, seed, seed bark and root bark of C. albidum, therefore this paper aimed primarily to investigate the chemical composition and biological activities of essential oils of C. albidum G. Don.
Materials and Methods
Plant Samples
Fresh plant parts (leaves, stem bark, root bark, fruit bark, seed and seed bark) of C. albidum were collected from a farm settlement located at the outskirts of Ibadan in Egbeda local government and authenticated at Forest Research Institute of Nigeria (FRIN) by Mr. Adeyemo. Voucher specimens were duly deposited in the FRIN herbarium with reference number FHI 110499.
Essential Oil Extraction
Fresh matured leaves, stem bark, root bark, fruit bark, seed and seed bark (500-1,000 g) of C. albidum tree were air-dried and subjected to hydrodistillation using an all-glass Clevenger-apparatus designed to the British pharmacopeia specifications (1980) for 4 h using a 5 L quick fit round bottom flask. The oils were dried in desiccators containing anhydrous sodium sulphate (Na 2 SO 4 ) for 24 h and then stored in airtight containers in a refrigerator at 4 °C. The yields were calculated according to the weight of the plant material before distillation (expressed in percentage w/w of the dry material).
Gas Chromatography (GC)
The oil was analyzed on an Agilent Model 7890A GC equipped with a HP-5MS fused silica capillary column (30 mm × 0.25 mm internal diameter, film thickness 0.25 μm). Analytical conditions were: oven temperature at 60 °C, with 2 min initial hold, and then to 280 °C at 4 °C/min, with final hold time of 10 min; helium was used as carrier gas at a flow rate of 1 mL/min. Retention indices were determined with reference to a homologous series of normal alkanes analyzed under the same conditions. Percentage composition of each constituent was calculated by integration of the GC peak areas.
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Gas Chromatography-Mass Spectrometry (GC-MS)
GC-MS analyses were performed on an Agilent Model 7890A GC interfaced to an Agilent 7000 GC/MS Triple Quad. The temperature program used for the GC was the same as described above. The MS was operated in electron ionization (EI) mode with ionization voltage 70eV and ion source temperature 250 °C.
Components Identification
The components of the essential oil were identified on the basis of their retention indices. Identification confirmation was by comparison of their mass spectra with published spectra [20, 21] and those of reference compounds from the Library of National Institute of Standard and Technology (NIST) database [22] .
Antibacterial Screening
The essential oil was screened for antimicrobial activities on selected Gram 
Antioxidant Activity: DPPH Radical Scavenging Activity
Radical scavenging activity was determined by a spectrophotometric method based on the reduction of a methanol solution of DPPH [23] . DPPH (Wako Chemicals USA, Inc.) solution in methanol was prepared to make 0.3 mM, then 1 mL of essential oil was added to 1 mL of 0.3 mM DPPH solution and shaken vigorously. The reaction was allowed to progress for 30 min at 37 °C in the dark, and absorbance was monitored and recorded as A S , using multiplate reader, SpectraMax340, Molecular Devices, CA, USA at 517 nm. Upon reduction, the color of the solution fades (violet to pale yellow). A control experiment was also carried out applying the same procedure to a solution without the test material and the absorbance was recorded as A C . The free radical scavenging activity of each solution was then calculated as percent inhibition according to Eq. (1):
Radical scavenging activity (%) = 100
where, A C = absorbance of the control and A S = absorbance of the sample.
Insecticidal Activity
The insecticidal activity was conducted according to the impregnated filter paper method (contact toxicity) [24] .
The stored grain pests Tribolium castaneum, Rhyzopertha dominica and Callosobruchus analis were reared in the laboratory under controlled conditions (temperature and humidity) in plastic bottles containing sterile breeding media, as shown in Table 1 . Then, insects of uniform age and size are used for the experiment.
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The filter papers were cut according to the size of glass Petri plates (9 cm or 90 mm) and put in the plates. Essential oils were loaded over the filter paper in the plates with the help of micropipette. Ten healthy and active insects of same size and age of each species were put in each plate (test and control) with the help of a clean brush. The plates were incubated at 27 °C for 24 h with 50% relative humidity in growth chamber. The survival of the insects was assessed (count the number of survivals of each species).
The percentage of inhibition or percentage of mortality was calculated using Eq. (2) 
Positive control contained test insects and standard insecticide (Permethrin) at the concentration which is effective against all test insects. Negative control contained volatile solvent (methanol) and the test insects.
Results and Discussion
Physicochemical Properties and Components of the Essential Oils
The physicochemical properties of the essential oils are shown in Table 2 . The colours of the oils ranged from colourless to pale yellow with the yields as follows: leaf (0.89%), seed (0.91%), seed bark (0.13%), stem bark (0.86%), root bark (1.21%) and fruit bark (0.95%). All the fruits have sweet aromatic and fruity smell, which has been reported due to the presence of esters, aldehydes, alcohols, terpenes or their derivatives, but the oils of the root bark and stem barks have irritating woody smell, while the leaves have a strong leafy odour. Diterpenes were not present in all the oils, while triterpenes were observed in only the fruit bark and oils, except the seed oil. The root bark, seed bark and seed oils had 66.9%, 94.24% and 91.15% non-terpene compounds, respectively. All other samples had less than 35% of their components as non-terpenes.
The major compounds in the fruit bark oil were hexadecanoic acid (12.73%), selin-7(11)-en-4α-ol (11.42%), β-elemene (6.74%) and β-bisabolol (3.44%), while the root bark oil was dominated by m-xylene (53.11%), ethylbenzene (9.41%) and β-elemene (4.74%). Hexadecanoic acid (14.09%), β-elemene (12.71%), selin-7(11)-en-4α-ol (6.32%) and β-bisabolol (5.52%) were the dominant compounds in the stem bark oil, while the seed bark oil was dominated by p-xylene (21.38%), ethylhexadecanoate (19.94%), ethyl-9,12-octadecadienoate (16.91%) and heptacosane (10.51%). In the leaf oil, α-farnesene (38.11%), β-caryophyllene (8.54%), β-elemene (7.81%), p-xylene (5.15%) and α-selinene (5.11%) were the major constituents, but m-xylene (66.72%) and undecane (7.16%) dominated the seed oil.
Moronkola et al. [19] reported 24 compounds in the root essential oil of C. albidum G. Don with monoterpenes (40.5%) and sesquiterpenes (27.9%) as the dominant class of compounds with pinene (34%), caryophyllene (12.8%), isocaryophyllene (8.5%) and 1,8-cineole (6.5%) as the major compounds. However, the report does not agree with the result of this study. Non-terpenes (66.9%) and sesquiterpenes (24.15%) were found to be dominant with m-xylene and β-elemene as the major compounds in the class of
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Antibacterial Activity of Essential Oils
The essential oils extracted from six parts of C. albidum were also screened against the selected bacteria. The study revealed the non-active nature of the essential oil from the seed against all the test bacteria strains, except Staphylococcus aureus with 70.585%. Escherichia coli strain was resistant to all the essential oils from the different parts of this fruit tree, but Shigella flexenari was susceptible to all the volatile oils, except the seed essential oil.
Pseudomonas aeruginosa and Salmonella typhi strains were resistant to all the oils, except the seed bark (10.191%) and root bark (9.787%) oils, respectively (Table 4) .
Insecticidal Property of Essential Oils
All the oils showed no toxicity (0% mortality) against the insects, except for C. albidium stem bark with 20% mortality against Rhyzopertha dominica.
The insects were observed to be resistant to the oils used for this study based on the impregnated filter paper method, which is a form of contact toxicity. In contact toxicity, stomach poisoning occurs while the insects feed on the whole grains. The weevils have to pick up the lethal dose of treatment from the essential oil to cause toxicity.
Previous studies have shown that the toxicity of essential oils obtained from aromatic plants against storage pests is related to the oil's main components [25] . The insecticidal constituents of many plant extracts and essential oils are mainly monoterpenoids [26] [27] [28] [29] . Monoterpenoids are typically volatile and rather lipophilic compounds that can penetrate into insects rapidly and interfere with their physiological functions [30] . Due to their high volatility, they are fumigant and gaseous, and might be of importance for stored-product insects [27] . Various monoterpenes, like 1,8-cineole, linalool, α-pinene, terpinen-4-ol and α-terpinene, have been reported to show contact and fumigation toxicity to stored product pests [31, 32] . Therefore, the resistance of the essential oils studied for insecticidal activity may be related to the non-dominance of monoterpenes in the identified components in the oils.
The synergistic action between major and minor components of essential oils could also be responsible for the repellent action of the oils to the insects.
Antioxidant Property of Essential Oils
The six essential oil samples were screened using DPPH. The antioxidant activity of the volatile oils was measured in terms of hydrogen donating or radical scavenging ability, using the stable radical DPPH. The percentage of radical scavenging ability of the volatile oils was calculated based on the absorbance measurement as shown in Table 5 .
All oils from C. albidum had very low radical scavenging ability. The fruit bark oil recorded the highest value at 24.85%, while the root bark, stem bark, seed bark, leaf and seed all had the percentage of radical scavenging ability low 10%. The percentages of radical scavenging ability of all the essential oils were lower than that of the standards used for the study. The percentages of radical scavenging ability of gallic acid and n-acetyl cystein used as standards were 93.13% and 95.95%, respectively.
The observed low radical scavenging ability of the essential oils can be explained by the fact that the oils are not capable of donating hydrogen atom, and by the low solubility provided by the oils in the reaction medium of the assay because this test utilizes methanol or ethanol as solvent as explained by a report by Mata et al. [33] . Viuda-Martos et al. [34] also cited these factors as the main limitation of this assay for measuring antioxidant activity of lipophilic samples, like many essential oils. Despite the essential oils tested in this study not showing significant antioxidant activity, many essential oils have shown antioxidant potential. As an example, there is the research conducted by Guimarães [35] , who investigated the antioxidant activity of essential oils of Lippia sidoides, Alomia fastigiata, Ocotea odorifera, Mikania glauca and Cordia verbenacea, and their major constituents by the methods of the β-carotene/linoleic acid oxidation system, the formation of thiobarbituric acid reactive species (TBARS) and the reduction of the stable DPPH radical. The essential oil of Lippia sidoides showed higher antioxidant activity, presenting the lowest IC 50 values in all trials. This activity was attributed to its major constituent carvacrol, which also showed high antioxidant activity when assessed in isolation [36] .
The phenolic content in plants has been reported to be responsible for the antioxidant activity of some plants [37] . Phenolic compounds, like thymol and carvacrol, found in some plant essential oils, have been reported to have antioxidant activity [38] . Also essential oils rich in monoterpene hydrocarbons have been reported to have high antioxidant activity [39] . Ruberto and Baratta [40] investigated the antioxidant activity of 98 pure essential oil components, which represent the main classes of typical compounds of essential oils, and found out that sesquiterpene hydrocarbons exerted a low, if any, antioxidant effect.
The analysis of the essential oil components in this study revealed that the oils were mainly dominated by sesquiterpenes and non-terpenes. The poor antioxidant activity of these essential oils, probably, is due to their lack of phenolic compounds and low concentrations of monoterpene hydrocarbons. However, it has been observed that correlation of the antioxidant activities of essential oils and their chemical compositions is often very complicated [41] . Essential oil constituents acting individually or synergistically may contribute to the antioxidant activity of the oil [42] .
